Crack generation and propagation through the first wall of a fusion reactor under cyclic thermal stress caused by pulsed reactor operation has been studied analytically, and the results have been compared with experimentally acquired data. The analysis first covered the transient heat transfer through a test specimen pulse-heated on one face and constantly cooled on the reverse face. This was followed by elastoplastic stress analysis to estimate the stress-strain relation that prevails during pulsed heating. Finally, the crack propagation behavior was analyzed applying the non-linear fracture mechanics parameter termed "extended J-integral", and calculated with the three-dimensional finite element code "MARC". The results agreed well with experimental data obtained on a test specimen of type 316 stainless steel plate that was subjected to cyclic electron beam heating. This indicated the possibility of validly predicting the crack propagation behavior of a fusion reactor first wall.
I. INTRODUCTION
Fusion reactor components lining surfaces exposed to plasma (first wall) are required to withstand the severe conditions of cyclic high heat flux, concentrated ion irradiation and intense magnetic field. Such external factors are liable to cause thermal fatigue, creep, irradiation damage and cracking, to impair the structural integrity of these components. Disruption of the plasma will further cause surface solidification, to generate new cracks (1) . These cracks would propagate under the cyclic thermal stressing caused by pulsed reactor operation (2) . The foregoing circumstances call for the establishment of design criteria covering such components in order to ensure adequate structural endurance.
A number of studies have been performed in the past on different materials proposed for fusion reactor first wall, which have examined their behavior under thermal fatigue(3), or mechanically tested specimens that had been irradiated by ion beam (1) , but few studies have adequately covered the aspect of crack propagation under conditions simulating the pulsed operation of fusion reactors. An exception is the work of Yagawa et al. (4) , who examined this aspect and estimated fatigue crack propagation behavior under cyclic ion beam irradiation based on two-dimensional non-linear fracture mechanics analysis. Three of the present authors (T.T., M.S., T.N.) have also studied crack propagation under cyclic electron beam irradiation on type 316 austenitic stainless steel plate (5) . Their two-dimensional and elastoplastic analyses adopting simple assumptions, however, did not provide satisfactory agreement with experimental data (6) .
In the present study, the three-dimensional finite element code "MARC" was used for the analysis , taking account of both thermal and mechanical boundary conditions. This was preceded by non-steady-state heat transfer analysis for determining the temperature change taking place in a test specimen under cyclic irradiation heating. The resulting thermodynamics data were used in the ensuing nonlinear fracture mechanics analysis for estimating the fatigue life of the specimen , applying what is termed the "J-integral amplitude", and utilizing available data on high-temperature fatigue characteristics (7) .
The results of analysis agreed well with experimental data obtained on a test specimen of type 316 stainless steel plate. Fig. 1 . It consists of a vacuum chamber equipped with electron beam gun and tensile testing machine (5) . The material adopted for the test specimen was type 316 stainless steel, of chemical composition as given in Table 1 . A 3-mm thick plate of this material was shaped into a test piece of 60mm gage length, and 12mm width. At mid-length of the gage length face, in the direction normal to specimen axis, a surface crack was initiated by electrospark machining and was extended by mechanical fatigue applied at room temperature.
The starting crack thus provided on the test specimen was 0.4mm wide, of half-elliptic form 4mm long and about 1mm deep. The bottom of the starting crack produced by this means presented a sharp notch.
The specimen was then set on the testing machine with one end firmly clamped and the other end supported by roller to prevent bending in lengthwise direction, but left free to deform in all other modes.
Fatigue cracking was induced by heating with electron beam applied at mid-specimen length in the direction of specimen thickness, and pulsed in 30s cycles of 0.5s application and 29.5s intermission. The beam, of 12 mm diameter, imparted a heat flux of the roughly normal distribution shown in Fig. 2 , with a maximum flux of about 5MW/m2 and averaging about 2.3MW/m2. The reverse side of the specimen was kept in contact with a water-cooled copper block. The specimen thus spotheated in pulses in front face and continuously cooled on the reverse face was subjected to cyclic nonuniform thermal stress in the direction of thickness.
Analytical Model
The model adopted for three-dimensional finiteelement analysis is shown in Fig. 3 in quarter section, the half-elliptic initial notch being located along the base surface X-Y with center at point B. The crack will propagate in the X-and Y-directions, with its front maintaining half-elliptic shape. The model is arranged into 8-node isoparametric elements numbering 3,900, sepa- Transient heat transfer analysis was performed with the thermophysical properties of the specimen-thermal conductivity, specific heat, density, emissivity-assumed to vary with temperature as indicated in Table 2 . The 30-s cycle pulsed heat flux impinged at point B in Ydiretion. The reverse face of specimen in contact with copper block was not subject to heat radiation, which condition was assumed applicable to the front surface. It was also assumed that the electron beam energy is totally absorbed through the front surface, but that it does not enter the crack. Ambient temperature and cooling block were both assumed to be maintained at 15dc, which was also the temperature assumed to prevail as initial condition throughout the system under consideration.
For the elastoplastic stress analysis, the values assumed for the mechanical properties of Young's modulus, Poisson's ratio and thermal expansion coefficient were those applicable at 200dc, while the initial yield point and strain hardening behavior were considered to vary with temperature as indicated in Table 3 . Yielding was assumed to proceed conformably to von Mises' criterion and to the combined hardening rule. Supported by roller at one end, the specimen deformed freely in all modes except longitudinal bending. Mechanical interaction between specimen and cooling block was not taken into account.
Transient
Heat Transfer Analysis Heat transfer between solid bodies through the contact surface is sensitively dependent on the state of contact: In the present analysis, three different heat transfer coefficients were adopted for the contact surface between test specimen and cooling block at point A in Fig. 3 ; Fig. 4 presents the results obtained for the variations of temperature at point A in Fig. 3 on the reverse face of specimen.
All three curves are seen to deviate from the Fig. 4 Variations of temperature on specimen rear face in contact with cooling block (point A in Fig. 3 ), determined by heat transfer analysis and compared with measured data The foregoing discrepancy between derived and measured results might be ascribed to variation of the state of contact between specimen and cooling block during the 30-s period heating cycle. The difference of thermal expansion coefficient between the materials of specimen and cooling block would create a gap at the contact surface, which would impair heat transfer; the resulting cyclic variation of thermodynamic conditions at the interface could amplify the temperature changes at point A, while the medial heat flow through the interface might be adjusted to coincide between analysis and experiment, as in the case of 53W/m2,K heat transfer coefficient adopted for analysis. The similarity of ripple height between the three analytical curves would suggest that differences in the heat transfer coefficient little affect the range of temperature fluctuations. This would indicate that, if the temperature fluctuations could be estimated correctly by adjusting parameters other than the heat transfer coefficient, satisfactory estimation could be obtained of both temperature fluctuation and medial values, as it was the case in a previous study, except for some discrepancy at irradiation center(5).
The medial temperature curves of Fig. 4 indicate that, excepting the case of 30W/m2,K heat transfer coefficient, the level of temperature had approached an asymptote-i.e. that the thermal transfer conditions had stabilized-beyond 700s of intermittent heat application. Upon reaching this stage, therefore, the problem can be regarded as treating a practically steady state, so that, for this stage where the temperature variations in time have become immaterial, the heat transfer behavior derived by analysis using 53W/m2,K as heat transfer coefficient could be considered to validly estimate the measured data in all respects. Hence this value of heat transfer coefficient was adopted thereafter in the present study.
With the foregoing value adopted as heat transfer coefficient, calculation of the variation in time of the temperature on the specimen front face at point B in Fig. 3 (center of heat flux impingement) resulted in the curves of Fig. 5 . The temperature is estimated to attain maximum values of approximately 570dc (close to design temperature for first wall surface) shortly after start of heat flux application, and to fluctuate in a range between this maximum temperature and a minimum of little above 100dc. Upon comparing the above data with those of Fig. 4 for the reverse face of specimen, a large temperature difference is seen to occur intermittently between the two faces of the specimen.
Isothermal lines on the Y-Z and X-Y planes crossing the point B are shown in Fig. 6 for instants 0.5 and 30.0s after start of pulsed heat flux application. The crack front is indicated by the elliptical curve drawn on the X-Y plane. Comparison of the temperature distributions along the Y-axis between the states at 0.5 and 30.0s well reveals the sharp changes taking place during the 30s cycle in the temperature gradient across specimen thickness. These shape changes are what generates the impact thermal stress that impels crack propagation. The corresponding changes in the longitudinal Z-direction are seen to be far more moderate, the temperature gradient remaining significantly flatter even at the height of heat flux application.
Elastoplastic Stress Analysis
Elastoplastic stress analysis was performed by reiteration through multiple heating cycles on the temperature history recorded from the 25th cycle. Several stages of crack propagation were treated, with maximum crack depth progressing from 0.4mm to 1.6mm in steps of 0.2 mm, but maintaining a common aspect ratio. At 1.0 mm crack depth, the distribution of stress szz, along the Y-axis proved to vary with phase of pulsed heating cycle as indicated in Fig. 7 . It was seen that at 0.5s, which marks the end of pulsed heating, the position of crack front is subjected to a compressive stress exceeding 600 MPa. In the ensuring period, intermission of heating reverses the stress from compression to tension, which exceeds 400MPa at 30.0s, i.e. at the end of heating intermission.
Repeated intensive stress impacts such as cited above cause yielding of the specimen material. The resulting equivalent plastic strain was estimated to be distributed as indicated in Figs. 8(a) and (b) , respectively at 0.5 and 30.0s after start of pulsed heating cycle. The strain is concentrated along the crack front, which is indicated by the elliptical curve on the X-Y plane. The plastic deformation spreads along this curve, also in the direction of specimen width (X-direction), to propagate the crack not only in depth but also in width. The stress and strain generated at each heating cycle are registered in Figs. 9(a), (b) and (c) in the form of hysteresis loop relating the sress szz to strain ezz at the position of maximum crack depth, at three stages where the crack has propagated in depth by 0.4, 1.0 and 1.6 mm, respectively. At all three stages, the loop is seen to settle to a practically fixed shape beyond the second cycle, signifying that from the third cycle onward an almost equal amount of irreversible plastic strain is steadily accumulated around the crack front at each cycle.
With increasing crack depth at successive sates, this steady strain accumulation per heating cycle gradually diminishes, as indicated by the decreasing area inside the loop with progress of crack depth ( Fig. 9(a) toward (c) ), signifying a corresponding lowering of the rate of crack propagation. (5): In this experiment, microscopic examination of the fracture surface clearly revealed fatigue striations attributable to cyclic heating, quite similar to what is observed in specimens subjected to high-temperature fatigue test(7). The current practice is to describe elastoplastic fracture behavior by applying what is known as the J-integral value, but there existed some doubt on the applicability of this value to cases such as the present, where the fracture is associated with rapid temperature changes and with impact thermal stress.
Moreover, the relevant method could not be considered adequately established to cover three-dimensional cracking under complex conditions such as existed in the present case. To clarify the foregoing uncertainty, nonlinear fracture mechanics analysis was conducted using as parameter the "extended J-integral", which was evaluated on the computing code "MARC", applying the virtual crack extension method VCE developed by de Lorenzi (8) Since the potential energy release rate is physically equal to the J-integral, J=DG/Da, (2) where Da: Amount of virtual crack extension.
Thus, the J-integral is evaluated from the difference in potential energy between instants before and after the extension of crack. In the present study, the local Jintegral(8)(10) was derived only for the position of maximum crack depth.
For a crack depth of 1.0mm, the values of J-integral derived as above are plotted in Fig. 10 for six different integration paths at 0.5 and 30.0s after start of pulsed heat application. From the first to the sixth, the paths move gradually away from the crack front. It is seen that the inner three paths located closer to the crack front-which are subjected to more intense plastic deformation-show sensitive dependence of the J-integral on integration path, whereas the outer three paths provide relatively path-independent J-integral. The average value of J-integral derived on the outer three paths was therefore adopted in the present instance.
The J-integral derived for the outermost path proved to vary with phase of pulsed heat application as shown in Fig. 11 . The value is seen to drop sharply to a low negative value during the initial interval after start of pulsed heating, followed beyond 3s by gradual remounting to regain positive value. The initial negative value is ascribable to the prominent compressive stress applied during the pulsed heating interval, causing the crack opening to narrow. The crack opening rewidens upon heating intermission, to cause the J-integral to regain positive value. The crack opening, however, is too wide to let it close completely during the heating interval. Complete closure may possibly take place locally, but such occurrence is not considered to spread to the extent of significantly affecting the J-integral value.
Fatigue crack propagation under high temperature is The validity of Eq.(3) for predicting crack propagation by rapidly cycled intense heating is substantiated by fact cited earlier that the fracture surface of specimen subjected to pulsed heating experiment presented striations quite similar to those found on high-temperature fatigue test specimens (7) . For DJ, the value adopted here is the increase of J-integral from the start of crack opening, which point in time is assumed to correspond to that at which stress changes from negative to positive value at crack front (11) . With progress of crack bottom depth, DJ decreases as indicated in Fig. 12 , following an exponential curve. This behavior suggests that the rate of crack propagation could well diminish to the level of inhibiting the crack from penetrating completely through the first wall. Crack propagation is estimated by substituting DJ into Eq.(3) followed by numerical integration. Relevant material constants are obtainable from published high-temperature fatigue data for type 316 austenitic stainless steel (C'=0.000118, m'=1.32 (7)).
Crack propagation progresses with heating cycles as indicated in Fig. 13 , where the calculated curves can be compared with experimentally determined plots. Calculation with three-dimensional finite element method from an initial crack depth of 1mm is seen to have given results agreeing well with the experimentally determined plots, despite the many simplifying assumptions on thermal and mechanical boundary conditions adopted for the calculation.
It was mentioned earlier in the INTRODUCTION that Yagawa et al.(4) estimated fatigue crack propagation by cyclic ion beam irradiation applying two-dimensional analysis, but that their results did not provide satisfactory agreement with experimental data. One cause of this discrepancy would be their specimen prepared with a 0.1mm wide surface notch with flat bottom. The shape of notch bottom is likely to strongly affect fatigue crack initiation. In a previous study by the present authors(5), the initial crack was generated by mechanical fatigue, and this resulted in a reproducible relation between crack propagation and beam irradiation cycling.
Another factor affecting the work of Yagawa et al. would be their adoption of two-dimensional analysis. An example of such two-dimensional analysis is represented by the broken line in Fig. 13 by crack ligament, and provides a more conservative estimate of crack propagation: This estimate would indicate security against a crack penetrating completely through the present specimen plate under the conditions adopted in the study. Thus, a fusion reactor first wall would be assured so much more safety from failure even when carrying a surface crack. III .
CONCLUSION
Analysis of the fatigue crack behavior of fusion reactor first wall under cyclically applied high-flux heat irradiation by three-dimensional finite element method using the computer code MARC, with consideration given to both the thermal and mechanical aspects of relevant phenomena, proved that:
(1) Rapid change of stress applying on crack front will cause the crack to propagate, impelled by the tensile residual stress following pulsed intensive heating. (2) Crack propagation behavior can be estimated through nonlinear fracture mechanics analysis applying published fatigue data on the relevant structural material. The extended J-integral proved applicable for representing the nonlinear fracture behavior of crack front. (3) Validity of the estimated crack propagation behavior was substantiated by good agreement seen with experimentally acquired data, indicating the possibility of reliably estimating the soundness of a fusion reactor first wall against failure from crack penetration. While many factors other than considered here should further have to be taken into account before definite assurance could be given of the integrity of fusion reactor first wall against through penetration by fatigue crack under cyclic heating from ion beam irradiation, the present results obtained from three-dimensional nonlinear fracture mechanics analysis should nonetheless provide a positive contribution toward the establishment of reliable structural design criteria based on thermomechanical considerations.
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